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Abstract
Proper patterning of self-renewing organs, like the hair follicle, requires exquisite regulation of growth signals. Sonic hedgehog (Shh)
signaling in skin controls the growth and morphogenesis of hair follicle epithelium in part through regulating the Gli transcription factors.
While ectopic induction of Shh target genes leads to hair follicle tumors, such as basal cell carcinomas, how Shh signaling normally
functions during the cyclic process of hair development is unknown. Here, we show that, during the hair cycle, Shh expression and the ability
of skin cells to respond to Shh signaling is spatially and temporally regulated. Induction of Shh target genes normally occurs only in the
anagen hair follicle in response to expression of Shh. However, in patched1 heterozygous mice, putative tumor precursors form with
concomitant induction of Shh target gene transcription only during anagen in follicular and interfollicular keratinocytes. Ectopic production
of Gli1 accumulates Gli protein and induces Shh target genes and epithelial tumors at anagen but not other stages, pointing to a restricted
competence occurring at the level of Gli protein accumulation. Delivery and reception of growth signals among multipotent cells are
restricted in time and space to facilitate cyclic pattern formation.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
In perpetually renewing tissues, proper growth and pat-
terning require repeated signaling at the right times and
places. The requirement for such cyclic gene regulation is
particularly evident in mammalian skin. Amid cells that
form stratified epithelium, a particular group of epithelial
cells is responsible for generating new hair follicle epithe-
lium with each hair cycle (Chuong, 1998; Millar, 2002;
Paus and Cotsarelis, 1999). The hair cycle consists of ana-
gen, the growth phase of follicular epithelium, catagen, the
apoptosis and regression phase, and telogen, the resting
phase for the epithelium (Fig. 1). In the mouse, the first
anagen phase extends from midgestation to approximately
postnatal day 12. The first postnatal hair cycle anagen phase
begins at approximately day 25 and lasts through day 40.
Although key signaling molecules involved in hair regen-
eration have been identified, much remains to be learned
about how the signals are regulated.
The morphogen Sonic hedgehog (Shh) controls the
growth of multipotent progenitor cells in many tissues,
including limb, bone, and skin (Callahan and Oro, 2001;
Ingham and McMahon, 2001; Taipale and Beachy, 2001).
Shh induces transcription of target genes by antagonizing
the activity of the transmembrane protein Patched1 (Ptch1).
In the absence of a hedgehog signal, Ptch1 represses Shh
target genes. One of the target genes is ptch1 itself, so Shh
induces increased production of its antagonist. Shh also
induces transcription of the gene coding for the transcription
factor Gli1. The Gli/cubitus interruptus (ci) zinc finger tran-
scription factors are mediators of hedgehog protein signals
(reviewed in Aza-Blanc and Kornberg, 1999; Matise and
Joyner, 1999; Ruiz i Altaba, 1997). The fly Ci protein has
three vertebrate relatives, the Gli proteins (Gli1, Gli2, and
Gli3), all of which are produced in skin (Dahmane et al.,
1997; Green et al., 1998). The exact role of each Gli gene in
the skin has not been determined, but includes much func-
tional redundancy between the three genes (Bai and Joyner,
2001; Park et al., 2000).
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In the skin, Shh regulates hair follicle growth and mor-
phogenesis (Callahan and Oro, 2001; Chuong et al., 2000;
Dlugosz, 1999; Oro and Scott, 1998). Shh mutant mice
develop normally spaced hair placodes, which are precur-
sors to mature hairs, but fail to undergo normal hair mor-
phogenesis (Chiang et al., 1999; St-Jacques et al., 1998).
Antibodies that block Shh function arrest hair morphogenesis
at many stages, indicating continued requirements for Shh
function throughout the growth cycle (Wang et al., 2000).
Inappropriate activation of Shh target genes in skin
causes formation of hair follicle-derived tumors, of which
the most clinically significant are basal cell carcinomas
(BCCs). BCCs and other hair follicle tumors have been
shown to contain a variety of mutations in the Shh pathway
that result in target gene induction (Hahn et al., 1996;
Johnson et al., 1996; Reifenberger et al., 1998; Unden et al.,
1996). Similar tumors are seen in transgenic animals over-
expressing activating components of the Shh pathway. The
occurrence of frequent hair follicle differentiation in por-
tions of BCCs suggests that tumors arise from cells that
would otherwise give rise to hair follicles (Elder et al.,
1997). However, in humans and in a mouse model of BCCs
(Aszterbaum et al., 1999), many tumors arise with no visible
connection to a hair follicle, suggesting that ectopic Shh
target gene expression in extrafollicular cells can induce
hair follicle differentiation. These data point to the need to
understand the location and conditions in which epidermal
cells are capable of responding to Shh signaling.
Here, we examine the phenotype of two mouse mutants
where we have triggered Shh signaling in the postnatal
epithelium and examined the spatial and temporal require-
ments for target gene induction. We find that, while induc-
tion of Shh targets is normally restricted to cells adjacent to
Shh-expressing cells, interfollicular epithelial cells are com-
petent to induce Shh target genes during the anagen growth
phase. Part of the anagen regulation occurs through regu-
lating Gli protein accumulation. Our data suggest that the
effects of Shh on multipotent epithelial cells in the skin are
precisely controlled in two ways: by restricting when and
where the signal is sent, and by permitting signal reception
only at particular times in the life of the hair.
Methods
Mouse mutants
Two ptch1 mouse mutants were used in this study. Both
contain an inserted lacZ gene that is expressed in the same
pattern as ptch1 itself. Although the original patched1
mouse alleles were labeled ptc, they will be referred in this
paper according to the Unigene designation ptch. PtchK01 is
a previously characterized strong hypomorphic or null allele
(Goodrich et al., 1997). Ptch1D11 is a weak ptch1 allele
generated through an aberrant recombination event while
generating ptchK01. Ptch1D11 is viable as a homozygous
stock, but homozygotes with the current genetic background
are sterile. The precise molecular basis for this mutation has
not been elucidated, but the Xgal expression patterns in
ptchK01 and ptchD11 heterozygotes appear similar in most
tissues (L. Goodrich, L. Milenkovich, A.E.O., and M.P.
Scott, unpublished results).
K14-Gli1 transgenic mice were generated on a
B6CBAF2 background. Human Gli1 cDNA was a generous
gift of K. Kinzler (Kinzler et al., 1988) and was blunt-end
cloned into the BamHI site of the K14 -globin promoter
(Saitou et al., 1995). The insert was released with a HindIII–
EcoRI partial digest and injected into mouse pronuclei.
Three founders were generated, all of which had similar
times of onset and skin phenotype severity. We chose to
conduct subsequent experiments with the founder line K14
Gli353. All procedures done conformed to protocols ap-
proved by the Stanford Animal Use Committee.
Histology
Mouse skin was fixed in 4% paraformaldehyde and em-
bedded in paraffin. Anagen-stage skin was identified histo-
Fig. 1. Shh expression and target gene induction during the hair cycle. Shh and members of the Shh signaling pathway are expressed only in the invaginating
hair follicle during anagen. (A) Diagram of the growing anagen hair follicle showing the permanent and cycling portion of the hair. The bulge cells are around
the sebaceous gland and are thought to constitute the hair follicle stem cells (Cotsarelis et al., 1990). (B–D) In situ hybridizations with probes to components
of the Shh signaling pathway during the mid anagen phase. m, hair follicle matrix, signal is in blue. Shh is expressed asymmetrically in the distal end of the
growing hair epithelium (B, arrow), while ptch1 and gli1 are expressed in a partially overlapping domains in the epithelial portion of the hair bulb (C, D,
arrows). Ptch1 expression is seen in the dermal papilla cells as well. (E–H) Xgal staining of sections from young ptch1K01 mice over the hair cycle. (E) No
Xgal staining is noted in the resting telogen hair. With the onset of anagen (F), there is Xgal staining noted transiently in the presumptive bulge cells. Xgal
staining is noted in the growing hair epithelium and mesoderm (G, H) in early anagen hairs. This staining continues as the new hair epithelium grows (inset
in H shows close-up of leading edge of growth). There is prominent Xgal staining in the late anagen outer root sheath cells (I). Note that there is no
perifollicular or interfollicular Xgal staining detected. Similar staining is seen in ptchD11 mice when examined in the first hair cycle.
Fig. 2. Appearance of tumor buds in ptch1/ heterozygous mice correlates with anagen. Ptch1K01/ and ptch1D11/ mice of differing ages were examined
histologically by taking skin biopsies. Both strains have lacZ inserted into the ptch1 locus, allowing monitoring of ptch1 expression in vivo using Xgal
staining. (A) While most ptch1 heterozygotes remain asymptomatic, animals with the largest tumor buds develop noticeable focal hair loss (see arrows).
(B–D) ptchK01/ animal with small tumor buds at varying locations relative to the hair follicle. (B, D) Tumor buds emanating from the interfollicular
epithelium. (C) A tumor arising in the middle of an anagen hair follicle. (E, F) Tumors arise in the vicinity of anagen hairs. Xgal staining tumor buds appear
during the growth of adjacent anagen hairs. Note the anagen hair in each case (H) noted by the appearance of Xgal-positive staining in the matrix and dermal
papilla. (G) Skin from hypomorphic ptch1D11/ mice exhibits significantly smaller and less frequent tumors. The largest tumor is noted here; it has a single
layer of Xgal-staining cells.
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Fig. 3. Summary of tumor bud data in unirradiated ptch heterozygotes. (A) Graph of the distribution of tumor size in ptch heterozygotes with age. Note the
lack of a linear increase with age. Circles, ptchK01/ tumors detected. The summary data show that tumors usually appear after approximately 6 months and
are associated with both perifollicular and interfollicular epithelium. When it was possible to assess the stage of the hair cycle, each of the tumors was
associated with anagen hairs.
Fig. 4. Gross phenotype of K14- Gli1 mice. Photographs of K14-Gli1 mice at approximately postnatal day 60. The diagram shows a schematic of the human
Gli1 cDNA construct injected. (A, C, E) Wild-type littermates. (B, D, F) K14-Gli1 phenotype, demonstrating the marked thickening and erosion of the ears.
The pelage hair loss is more marked ventrally than dorsally and at this age has not affected every hair follicle. The erosion of the skin is marked and usually
results in dehydration and death within 5 months.
Fig. 5. Histological characterization of the K14-Gli1 mice. Hematoxylin–eosin sections of wild-type and mutant mice at different stages of development. (A, C, E)
Wild-type. (B, D, F, G) K14-Gli1 mutants. (A) (B) 18.5 days postcoitus mouse skin showing wild type features in K14-Gli1 mutants. (C) Wild-type day 29 ear skin.
(D) Postnatal day 29 K14-Gli1 ear skin showing marked invagination and growth of the epithelium downward (arrow). This occurred throughout the ear epithelium.
(E) Wild-type postnatal day 55 back skin. (F) Day 55 K14-Gli1 mutant skin showing replacement of normal epithelium with ectopic pilosebaceous epithelium. The
majority of growths had little or no evidence of mature hair follicle structures such hair shafts, but did have marked sebaceous gland differentiation. (G) Day 55
K14-Gli1 mutant skin showing portions of the invaginations. They lacked evidence of mature hair follicles, but did show evidence of dermal condensation, consistent
with trichoepitheliomas (arrow). (H–I) Immunohistochemical characterization of K14-Gli1 tumors showing keratin 14 (H) and keratin 17 (I) immunoreactivity, but
a lack of loricrin (J) or keratin 10 (data not shown). Epidermis is to left in each case, with dotted line detailing the epidermal–dermal border. T, tumor bud.
logically by the presence of growing epithelium extending
down from the permanent portion of the hair follicle or by
their high level of X-gal staining from the ptch1 locus. We
characterized the stage of multiple adjacent hair follicles
that are on the same and in adjacent sections around the
tumor.
In situ hybridization
Probes for all in situ hybridizations were generated by
using linearized plasmid templates: mouse Shh, Hh-1 (Bit-
good and McMahon, 1995); mouse ptch1, plasmid 2-3
(Goodrich et al., 1997); and mouse gli1, gli-1 (Hui et al.,
1994). The human Gli1 template was previously described
(Kinzler et al., 1988), but contained an internal Kpn1 dele-
tion removing the conserved zinc finger domain. RNA in
situ hybridizations for Fig. 1 were performed as described
previously (Rosenquist and Martin, 1996). Prior to embed-
ding, tissue was fixed overnight in 4% paraformaldehyde
followed by 30% sucrose for 8 h. Frozen sections (8 m)
were cut and mounted on treated slides. The RNA in situ
hybridizations for Fig. 4 were performed by using 8-m
paraffin sections. Briefly, after hydrating sections, the sec-
tions were fixed for 10 min in 4% paraformaldehyde. After
washing in PBS and proteinase K treatment, the sections
were hybridized overnight at 55°C, incubated with alkaline
phosphatase-conjugated anti-digoxygenin antibody (Roche
Diagnostics) overnight at 4°C, and then developed for 1–3
days in Buffer 3 with substrate. Slides were counterstained
with eosin, dehydrated, and photographed.
Xgal staining
Roughly identical 2  2-cm skin biopsies were taken
from the dorsal posterior back of animals of differing ages
and genotypes for analysis. Freshly harvested skin was fixed
for 20 min in 4% paraformaldehyde at room temperature,
washed, and stained overnight in Xgal staining buffer at
room temperature. Tissues were embedded in paraffin, sec-
tioned, and stained with hematoxylin and eosin or plain
eosin before photography. Similar procedures were per-
formed on 18.5-dpc K14-Gli1; ptc/ embryo skin to ana-
lyze.
Immunohistochemistry
Sections (5 m) from paraffin-embedded mouse skin
underwent antigen retrieval. Goat anti-Gli1 antibody (Santa
Cruz Biotechnology, Santa Cruz, CA) was used at a dilution
of 1:50 for 1 h, washed, and then visualized with an anti-
goat HRP secondary at 1:500. Specificity of staining was
assured by preadsorbing the primary antibody with the im-
munizing peptide. For analysis of the K14-Gli1 tumors,
6-m sections were interrogated with anti-rabbit antisera
against keratin 17 (McGowan, 1998), keratin 14 (Covance),
and loricrin (Covance) and anti-mouse antisera against ker-
atin 10 (DAKO). After washing, the sections were probed
with Alexa Fluor 488 secondary antibodies (Molecular
Probes) and visualized on an Axiophot inverted microscope
with an Axiocam digital camera (Zeiss).
Results
Shh signaling is restricted to the anagen stage
To learn when and where the Shh signal activates target
genes during the hair cycle, transcription patterns of Shh,
ptch1, and the three Gli genes were observed at different
times in the hair cycle. In many tissues in flies and mice,
transcription of ptch1, Gli1, and Gli2 is induced by Shh, so
the transcription patterns may indicate the reception of the
signal. Shh is transcribed asymmetrically in the growing
hair follicle in the distal most cells of the follicle (Fig. 1B).
ptch1 RNA accumulation is seen in adjacent cells of the hair
matrix (Fig. 1C). In the developing neural tube, Gli1,-2, and
-3 are transcribed in partially overlapping domains. In the
developing follicle, the three Gli genes are transcribed in
overlapping sets of cells in the hair matrix and outer root
sheath (Fig. 1D). Ptch1, Gli, Gli2, and Gli3 RNAs accumu-
late in dermal papilla cells during anagen, the phase of
active hair growth. During catagen and telogen, when old
hairs degenerate and cells die, transcription of Shh, ptch1,
and Gli genes decreases. Their RNA products are undetect-
able in telogen hairs or anywhere in the interfollicular skin
(data not shown). An ample literature documents that ptch1
and Gli1 transcription is almost always induced by a Hedge-
hog signal (Goodrich and Scott, 1998; Ingham, 1998). The
patterns of gene expression described here suggest that the
dermal papilla and matrix cells of the growing hair follicle
are capable of responding to the Shh signal.
To examine where the Shh signal activates one of its
target genes during the initial stages of the anagen cycle, we
examined skin sections from ptch1K01 mice. ptch1K01 con-
tains a nuclear-targeted lacZ gene inserted into ptch1, a Shh
target gene. While target genes may differ in their response
to Shh, ptch1 has been a reliable indicator of the reception
of Shh signal in nearly every tissue where the question has
been examined, and ptch1K01lacZ patterns accurately mimic
ptch1 transcription (Goodrich et al., 1997; Milenkovic et al.,
1999).
As the skin begins the first postnatal hair cycle, the
epithelium grows out from reactivated hair follicles. ptch1,
as judged by Xgal staining, is transiently expressed in me-
soderm cells surrounding the bulge structure where hair
follicle stem cells are thought to reside (Fig. 1F). As the new
follicular epithelium grows, ptch1 expression is visualized
in early anagen epithelial cells (Fig. 1G, arrow). As the
number of mesoderm cells begins to increase, high levels of
Xgal stain are seen in the dermal papilla cells. High-level
ptch1 transcription continues as the hair epithelium in-
creases in size. During this time, ptch1 staining is seen in
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dermal papilla cells and the outer root sheath (Fig. 1H and
I). There is no detectable blue staining in telogen stage hairs
(Fig. 1E). Taken together, normal Shh target gene induction
occurs in epithelial and dermal papilla cells adjacent to
Shh-expressing cells during the anagen stage of the hair
cycle.
Distribution and hair cycle dependence of epithelial
tumors
As with other tumor suppressor genes, heterozygosity at
the ptch1 locus predisposes individuals to tumors by in-
creasing the probability of losing both ptch1 alleles. An
early indicator of failed ptch1 function is ectopic ptch1
transcription and BCCs. Ptch1 heterozygous mice irradiated
with ionizing or ultraviolet radiation undergo loss of het-
erozygosity at the ptch1 locus and develop large BCC-like
lesions (Aszterbaum et al., 1999). However, recent reports
demonstrate that loss of only one copy of ptch1 is seen in
mouse medulloblastomas, another ptch1-related tumor type
(Wetmore et al., 2000; Zurawel et al., 2000). In cerebellum,
certain genetic backgrounds combine with ptch1 heterozy-
gosity to induce tumors. We examined the effects of losing
only one copy of the ptch1 gene on Shh target gene tran-
scription and epithelial growth.
Unirradiated ptch1K01/ heterozygous mice are viable,
and their skin and fur are largely indistinguishable from
their wild-type littermates. However, small foci of hair loss
are seen in heterozygous mice, each one in association with
epithelial invaginations (Fig. 2A). The presence of these
small tumors suggested that tumor foci had formed in the
skin, but had gone unnoticed due to their small size. Con-
sequently, we examined the skin of ptch1K01/ heterozy-
gotes and wild-type littermates by sampling a 2-cm piece of
back skin from animals 3–18 months old. Ptch1K01/ mice,
but not wild-type animals, had small invaginations of Xgal-
stained epithelial buds. The heterozygous mice therefore
had Shh target gene activity similar to that seen in human
BCCs, where there is usually a complete loss of ptch1
function. The small epithelial buds are detected starting at 4
months of age. The frequency of these epithelial prolifera-
tions increases with age (Fig. 3). In animals under 9 months
of age, only 1/30 ptch1K01/ animals had a detectable
epithelial invagination. In older animals, 40% had detect-
able tumors. No such tumors were detected in 30 wild-type
animals examined by hematoxylin staining in parallel
studies.
In wild-type animals, small tumors might be harder to
detect because they are not marked with lacZ. To rule out
this possible bias in tumor detection, the skin of aged
ptch1D11 mice was examined. Homozygous ptch1K01 mice
die after about 9 days of embryonic development with
massive neural and heart defects. In contrast, homozygous
ptch1D11 mice survive and look quite normal, though they
are sterile, indicating that they retain most but probably not
all ptch1 function. The lacZ gene inserted in the ptch1D11
allele gives patterns and intensity of Xgal staining indistin-
guishable from those of ptch1K01 (see Methods). If subtle
epithelial invaginations were present in wild-type animals,
we would expect to see Xgal-stained buds in ptch1D11
heterozygotes similar to those seen in ptch1K01 heterozy-
gotes. If instead the tumor buds are due to reduced ptch1
function, they should be infrequent and smaller in ptch1D11
heterozygotes than in ptch1K01 heterozygotes. In 24
ptch1D11/ animals, more than 9 months old, we detected
only one region of ectopic Xgal staining, which was present
as a single layer of cells (Fig. 2G). This supports the idea
that small tumor buds occur specifically in ptch1K01 het-
erozygotes.
Shh target gene induction normally occurs in cells at the
growing hair follicle during the anagen hair cycle. To de-
termine whether the epithelial invaginations obeyed their
normal spatial and temporal regulation, we quantified the
location in the skin and stage in the hair cycle in which they
were found. Epithelial invaginations in ptch1K01 heterozy-
gotes arose from both the hair follicle and the interfollicular
epithelium. Sixty-five percent of tumors derived from cells
destined to make stratified epithelium and had no apparent
association with a follicle as judged by serial sections
through the skin (see Fig. 2B and D). The remaining in-
vaginations were associated with a preformed hair follicle
and disrupted its normal growth (Fig. 2C). This indicates
that epithelial invaginations from ptch derepression can
derive from non-hair follicle epithelium.
While reduced ptch1 function might lead to tumor buds
at any stage of the hair cycle, we invariably observe the
tumor buds only during anagen. Anagen-stage skin was
identified histologically by the presence of growing epithe-
lium extending down from the permanent portion of the hair
follicle or by their high level of X-gal staining in mice
carrying lacZ in the ptch1 locus (Fig. 2E and F). Of 20
tumors that could be clearly staged (out of 21 examined),
every one was associated with an adjacent anagen hair
follicle (Fig. 3). No X-gal staining epithelial invaginations
were seen in catagen or telogen. Thus, ectopic Shh target
gene induction in ptch1 heterozygotes maintains normal
hair cycle dependence despite its occurrence in epithelial
cells not normally expressing ptch1.
Gli-1 transgenic animals develop hair follicle tumors
during anagen
Heightened expression of Shh target genes in epithelium
leads to hair follicle tumors and BCCs. Besides expression
of Shh, our data suggest that Shh signal reception and target
gene induction also occur only during the anagen stage. To
determine which portion of the Shh signaling pathway is
anagen-restricted, we forced expression in the skin of Gli1,
a gene that mimics the effects of Shh in the gut and neural
tube (Hynes et al., 1997; Yang et al., 1997). If the anagen
restriction occurs at the level of Gli1 or thereafter, then a
Gli1-driven phenotype would also be restricted.
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Transgenic K14-Gli1 animals were indistinguishable
from their wild-type littermates at birth, a striking difference
from K14-Shh, which has drastic effects by that time (Oro
et al., 1997). K14-Gli1 eventually had a strong effect, but
after a delay. At approximately postnatal day 26, at the
onset of anagen, the animals began to lose their hair and
their skin gradually developed small ulcers (Fig. 4D and E).
In contrast to BCCs, which have undifferentiated epithe-
lium, these invaginations formed tumors with various char-
acteristics of the hair follicle lineage. Differentiation into
cells similar to sebaceous glands and epidermal cysts was
most common. These occurred in roughly 75% of the sec-
tions observed. Less commonly (25%), epithelial prolifera-
tions that resembled trichoepitheliomas appeared (Fig. 5F
and G). Trichepitheliomas, like BCCs, are hair follicle tu-
mors that lack mature hair follicle, but do have dermal
condensations and a fibrous stroma (Grachtchouk et al.,
2000; McGowan and Coulombe, 1998). The tumors were
keratin 17- and keratin 14-positive, and lacked keratin10
and loricrin immunoreactivity (Fig. 5H–J), consistent with a
relatively undifferentiated hair follicle tumor epithelium
[Grachtchouk, 2000 #11807; McGowan, 1998 #12265; Yo-
shikawa, 1998 #12266; Yoshikawa, 1995 #12267; Stoler,
1988 #12268]. The phenotype was stronger ventrally than
dorsally (compare Fig. 4B with 4D) and affected the ear
epithelium sooner than the body hair. As the animals aged,
the phenotype became more pronounced on the dorsal as-
pect of the body. Antibiotics could extend the life and
reproductive capability of the affected animals, but the an-
imals died by 5 months of age from skin infections.
The remarkable delay in onset of the skin phenotype
until the onset of anagen at postnatal day 26 could occur
because Gli1 induces Shh target genes but the target genes
are unable to function. Alternatively, Gli1 might be unable
to induce target genes until anagen. To distinguish these
possibilities, we used RNA in situ hybridization to look for
Shh target gene activation. Transcripts from ptch1 and Gli1
accumulate to high levels in human BCCs. The loss of ptch1
function leads to derepression of Shh target genes, including
the nonfunctional ptch1 gene (Ingham, 1998). Ptch1 was
used as the marker of target gene activation since Gli1
transcript will come in part from the transgene. In 18-day
postcoitus transgenic skin, ectopic Gli1 RNA expression
was detected in the basal layer, as expected due to the
transgene. However, no ectopic ptch1 transcription was
detected. After the onset of anagen, ectopic Gli1 transcrip-
tion was seen again, this time accompanied by ectopic ptch1
expression (Fig. 6). The results suggest temporal regulation
of the ability to respond to Gli1. The delayed response to
Gli1 appears to be related to the delayed appearance of
tumor buds in ptch1/ heterozygotes, which occurs at the
first postnatal anagen stage.
To detect activation of target genes by K14-Gli1 with
greater sensitivity, we crossed ptchD11[lacZ] into the K14-
Gli1 background and used Xgal staining as an indicator of
Gli1-induced ptch1 transcription. If only a few cells were
capable of responding to Gli1 and become hair follicle
tumors, then ptch1 (and hence lacZ) induction should be
spotty or intermittent. Until day 26, there was no difference
in skin staining between the ptchD11[lacZ] and K14-Gli1/;
Fig. 6. Posttranscriptional regulation of hGli1 in K14-Gli1 mice. In situ
hybridization using antisense RNA probes to Gli1 and ptch1, a Gli1 target
gene. (A) Hematoxylin/eosin-stained 18.5-dpc K14-Gli1 mutant mouse
skin. (B) Wild-type 18.5-dpc mouse skin hybridized with a Gli1 probe
showing wild-type Gli1 expression pattern. (C) K14-Gli1 transgenic skin
hybridized with Gli1 probe showing ectopic Gli1 expression in the basal
cells of the epidermis. (D) Same skin using ptch1 probe; no ectopic
induction of ptch1 was observed. (E) Hematoxylin section of K14-Gli1
day-29 ear skin showing invaginations. (F) Wild-type ear skin hybridized
with Gli1 probe showing no epithelial Gli1 staining. (G) K14-Gli1 day-29
ear skin hybridized with Gli1 showing ectopic expression of Gli1. (H)
Similar section with ptch1 probe demonstrates presence of ptch1 expres-
sion. (I–L) X-gal staining was used to visualize the induction of ptch1 as
an indicator of Gli1 activity. (I) 18.5-dpc K14-Gli1; ptchD11lacZ mouse
skin showing a lack of interfollicular X-gal staining (arrows) despite Gli
RNA expression. (J) Day-29 back skin showing at low power showing
widespread Xgal staining throughout the perifollicular and interfollicular
keratinocytes. (K) Higher power view of staining. Note the similarity of
this staining to that of the tumor in Fig. 2C in ptch/ mice. (L) Xgal
staining of older day-60 back skin showing lack of widespread staining, but
the presence of focal staining around remaining anagen hair follicles.
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ptchD11[lacZ]. Starting at day 26, ectopic Xgal staining
began to appear in the epithelium. The staining was at first
most noticeable around the hair follicles (Fig. 6J). In 35- to
40-day-old animals, the staining occurred throughout the
epithelium. This demonstrates that the entire basal epithe-
lium can apparently respond to ectopic Gli1 (Fig. 6J and K).
During telogen, sections of the transgenic skin revealed
differentiated epithelium with little or no Xgal staining (data
not shown), suggesting that the response to Gli1 is blocked
during telogen. Animals who had begun the second anagen
Fig. 7. Gli protein accumulation during post-natal anagen. Gli1 immunoreactivity in K14-Gli1 transgenic skin. In sibling controls (A, C) and embryonic
day-18.5 K14-Gli1 transgenic animals (B), no Gli1 immunoreactivity can be detected. However, transgene-specific gli1 immunoreactivity appears with the
onset of the first postnatal anagen (D), concurrent with the onset of the skin phenotype. Note the dramatic basal layer nuclear Gli1 staining. The specificity
of the immunoreactivity was confirmed by preabsorbing the antibody with immunizing peptide.
Fig. 8. Spatial and temporal regulation of Shh signaling in hair growth. (A) Spatial localization of Shh production during anagen restricts Gli1-induced
transcription of Shh target genes to neighboring cells. Red cell represents multipotent hair follicle progenitor cell. Yellow cell represents Shh expressing hair
follicle epithelial cells. Turquoise cell depict cells inducing Shh target genes, such as ptch1, in response to Gli genes. (B) Temporal regulation of Shh signal
reception synchronizes hair follicle development and prevents ectopic Shh target gene induction in a field of multipotent epithelial cells. With the onset of
anagen, Gli1 protein accumulates in the epithelium and induces Shh target genes (turquoise).
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hair cycle were generally covered in hair follicle tumors. In
the small areas where intact hair follicles remained, small
Xgal-stained buds were seen in association with anagen hair
follicles (Fig. 6L). This suggests that the remaining unaf-
fected epithelium can continue to activate Shh target genes.
The inability of Gli to induce ptch1 despite the presence
of Gli1 RNA could be due to regulation of protein stability
or the absence of a required cofactor required for transcrip-
tional activation. To distinguish between these possibilities,
Gli protein levels were analyzed. During the first anagen,
skin from transgenic animals displayed marked immunore-
activity for Gli antisera (Fig. 7D). However, no immunore-
activity was detected in E18.5 (Fig. 7B) or P16 skin (data
not shown). The synchronous appearance of Gli1 protein
with target gene activation and tumor formation during
anagen argues for the regulation of Gli protein accumula-
tion.
Discussion
Patterning and growth of an organ requires restriction of
key growth and differentiation signals to the proper time
and place. Our results suggest that mulitpotent epithelial
cells destined to become either follicular cells or stratified
epithelium can be directed toward the hair follicle fate, and
potentially to BCCs, by the induction of Shh target genes
such as Gli1, but only during the anagen portion of the hair
cycle.
Restraints on differentiation and basal cell carcinoma
formation
In the skin, Shh has been implicated in the growth and
morphogenesis of normal hair follicle epithelium and both
benign and invasive hair follicle tumors. The tumors that
form in our K14-Gli1 mice are neither mature, well-differ-
entiated hair follicles nor are they the opposite extreme,
basal cell carcinomas. The lack of mature hair follicles is in
contrast to the mature hairs seen in the skin of mice over-
expressing stabilized -catenin (Gat et al., 1998). Epithelial
Shh target gene induction alone evidently cannot redirect
the underlying mesoderm to form a fully competent dermal
papilla. Mice expressing K14-Shh, which allows movement
of the Shh protein into the mesoderm, exhibited more fully
formed hair shafts and dermal papilla (Oro et al., 1997).
Since Gli1 in the epidermis does not give complete hair
follicles, but Shh in the epidermis plus mesoderm does, our
data suggest a distinct and important role for mesodermal
Shh target gene activation in the growth and differentiation
of hair follicles.
The lack of BCCs in our K14-Gli1 mice was surprising
given the ability of Gli1 to replicate Shh signaling in other
studies (Nilsson et al., 2000). One explanation could be the
level of expression from the transgene, despite seeing the
same phenotype in two other independent lines. Secondly,
other members of the Gli family may be required to attain
the full BCC phenotype. Gli2, but not Gli1, is essential for
mouse development, suggesting that Gli2 has unique func-
tions that Gli1 does not share (Park et al., 2000). Expression
of Gli2 under control of the keratin 5 promoter induces
tumors more closely resembling BCCs, although these tu-
mors also form postnatally (Grachtchouk et al., 2000). A
final intriguing possibility is phenotypic variation due to
genetic modifiers in our particular mouse strain. Back-
ground modifiers are known to have a dramatic effect on
growth factor signaling (Threadgill et al., 1995). Identical
human ptch1 mutations occurring in two different genera-
tions can give dramatically different phenotypes in Gorlin’s
disease patients (Lench et al., 1997; Wicking et al., 1997).
Such variation is also reflected in the differing frequency of
tumors when a particular ptch1 allele is placed in two
genetic backgrounds (Goodrich et al., 1997).
Interfollicular keratinocytes as possible hair stem cells
Using radioactive tracing experiments, previous studies
have delineated bipotential cells in the hair follicle bulge
that give rise to either the hair follicle or the stratified
epidermis. These data suggest that two distinct lineages
arise in the skin (Oshima et al., 2001; Taylor et al., 2000).
Our data argue that both lineages are competent to change
their cell fates toward the hair follicle lineage in response to
Shh target gene induction. Additional support for the plu-
ripotency of both lineages comes from heterotopic trans-
plant experiments, where grafting of adult keratinocytes
from non-hair-bearing skin next to mesoderm from growing
hairs induces hair follicle markers (Ferraris et al., 1997).
Our results with Shh signaling are reminiscent of previous
studies expressing a stabilized -catenin in the skin that also
redirected interfollicular cells to express hair follicle mark-
ers (Gat et al., 1998; Noramly et al., 1999; Widelitz et al.,
2000). These data suggest that the key difference between
cells destined to become hair follicle and stratified epider-
mis is the restricted exposure to powerful morphogens such
as Shh and Wnts.
Hair cycle regulation of Shh signal reception
Besides spatial regulation of Shh expression, temporal
regulation of Shh signal reception appears to be another key
mechanism for precise control of epithelial morphogenesis.
Our data support hair cycle-dependent Gli protein accumu-
lation as one potential mechanism. Protein accumulation
results from regulation of both translation and protein sta-
bility. Recent reports have demonstrated that endogenous
Gli1 is translationally regulated through alternative 5 UTR
splicing (Wang and Rothnagel, 2001). Moreover, Ci protein
processing and stability has been shown to be regulated by
phosphorylation through multiple phosphorylation events
dependent on protein kinase A, casein Kinase, and glycogen
synthase kinase  (Chen et al., 1999; Price and Kalderon,
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2002; Wang and Holmgren, 1999). These phosphorylation
events appear to couple Ci to ubiquitin-dependent proteo-
some degradation (Ou et al., 2002). Because the transgene
we used did not have 5 UTR sequences and thus was not
subject to translational regulation, we favor regulated pro-
tein stability as a mechanism for differential protein accu-
mulation during anagen.
Our results are in apparent contrast to studies that show
Shh can regulate the timing of anagen. Injection of adeno-
viruses into mouse skin that transiently express Shh prema-
turely triggers the onset of anagen (Sato et al., 1999). Be-
cause the adenoviral promoter expresses efficiently in all
cells, the identity of the cells responsible for mediating the
effects could not be identified. The inability of Gli1-ex-
pressing basal keratinocytes to regulate the hair cycle sug-
gests that a non-keratin 14-expressing population of cells
(such as the surrounding dermal cells) plays an important
role in the epithelial handling of Gli1 protein. Consistent
with this supposition is the finding of mesodermal ptch
expression in the early anagen stage (Fig. 1).
Temporal regulation of epithelial signal reception
through differential protein accumulation is achieving
greater appreciation as a key developmental mechanism. In
the skin, regulating gli protein stability serves to help syn-
chronize the growth of thousands of hair follicles in the
skin. Other key regulators of skin development also appear
to be temporally regulated, as overexpression of Gli2 and
stabilized -catenin also fails to induce a skin phenotype
until post-natal skin development occurs (DasGupta et al.,
2002; Grachtchouk et al., 2000; Gat et al., 1998). Recent
studies suggest phosphorylation of -catenin (Lee et al.,
2001; van Noort et al., 2002), cubitus interruptus (Noured-
dine et al., 2002; Price and Kalderon, 2002), and Notch
(Foltz et al., 2002) can regulate protein stability and signal-
ling. This may be a common anagen-specific mechanism to
regulate morphogenic signal reception.
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